Porcine epidemic diarrhea (PED) is a highly contagious viral disease and was first observed in farm pigs in England in 1971 ([@bib0090]). The disease is caused by porcine epidemic diarrhea virus (PEDV), an *Alphacoronavirus* within the family *Coronaviridae* and order *Nidovirales* ([@bib0065]). To date, PEDV has spread worldwide and become a critical threat to the swine industry.

PEDV first emerged in the US in April, 2013 and then the virus spread rapidly nationwide and led to enormous economic losses ([@bib0005], [@bib0070]). To date, three major types of PEDV have been reported in the US: (1) the original US PEDV strains that are highly virulent causing high mortality in suckling piglets ([@bib0040], [@bib0070]); (2) the spike (S) insertion-deletion (S-INDEL) PEDV strains that are less virulent compared with the original US PEDV strains, but can cause variable (none-to-high) mortality in suckling piglets ([@bib0050], [@bib0075]); and (3) the PC177 strain that has a 197 aa-deletion in the S1 region (S-197DEL) and was detected after Vero cell culture adaptation ([@bib0055]). A diagnostic assay to differentiate those PEDV variants is urgently needed in the laboratory and in clinical practice because they cannot be differentiated based on cytopathic effects (CPE) in Vero cell cultures or by clinical signs in pigs. Recently a real-time reverse transcription (RT)-PCR assay for the differentiation of the original US and S-INDEL PEDV strains was developed ([@bib0080]). In this study we developed RT-PCR assays to differentiate the three major types of US PEDV strains. These assays are specific and cost-effective, and could serve as a valuable diagnostic tool for the rapid differentiation of PEDV variants and for molecular epidemiological studies.

PEDV strains used in this study were isolated in Vero cell cultures in our laboratory ([@bib0055]). The infectious titer and RNA titer of each strain were determined by plaque assay and real-time reverse transcription-PCR (RT-qPCR), respectively, as described previously ([@bib0055]). The titers and GenBank accession no. are in the parentheses after each strain: S-197DEL strain PC177 (5.1 log10 plaque-forming units (PFU)/mL, 10.6 log10 genomic equivalents (GE)/mL, KM392229), original US strain PC22A (6.1 log10 PFU/mL, 11.2 log10 GE/mL, KM392224) and S-INDEL strain Iowa106 (5.6 log10 PFU/mL and 12.9 log10 GE/mL, KM392232).

Four primers, three forward and one reverse, ([Fig. 1](#fig0005){ref-type="fig"} ) (F1: 5′-ATGGTACGTTGCTAGTGCGTA-3′, F2: 5′-TGGTGAAATCCAGAGTGTCAAT-3′, F3: 5′-CCAGCTTATATGCAGGATGGAA-3′, and UR: 5′-TACCATGCACCAAAGTGGAATCAT-3′) were designed using Primer 3 V.4.0.0 (<http://bioinfo.ut.ee>) based on the sequence alignment of the complete genomic sequences of the three types of PEDV strains using BioEdit 7.2.1 ([@bib0025]). The primary primer pair F1 and UR was used in the first PCR assay and amplified different size fragments for each strain: PC177 (293 bp), PC22A (884 bp) and Iowa106 (875 bp). Two primer pairs F2/UR and F3/UR were used in the secondary PCR to amplify strains PC22A (650 bp) and Iowa106 (358 bp), respectively. The primers were synthesized by Integrated DNA Technologies Inc (Coralville, IA).Fig. 1Location of external and internal primers and their combinations to generate five different sizes of product.Fig. 1

Total RNA was extracted from the cell culture supernatants containing each PEDV strain using RNeasy Mini Kit (Qiagen, Valencia, CA, USA). All reagents for RT and PCR were from Promega (Madsion, WI, USA). For the cDNA synthesis, a 25 μL RT reaction contained 5 μL AMV reverse transcriptase 5 × reaction buffer, 3 μL dNTP mix (10 mM), 0.5 μL AMV reverse transcriptase, 0.5 μL Rnasin ribonuclease inhibitor, 10 μL RNA, 2 μL primer UR (10 pmol/μL) and 4 μL RNase-free water. The RT reaction was performed at 42 °C for 60 min.

For the primary PCR, a 25 μL reaction volume contained 5 μL 5 × GoTaq^®^ Flexi PCR buffer, 2.5 μL MgCl~2~ (25 mM), 0.5 μL dNTPs mix (10 mM), 0.5 μL GoTaq^®^ Flexi DNA Polymerase, 1 μL of each primer F1 and UR (10 pmol/μL), 3 μL cDNA and 11.5 μL RNase-free water. PCR was performed using Applied Biosystems^®^ 2720 Thermal Cycler (Thermo Fisher Scientific Inc, Waltham, MA, USA) with an initial denaturation step at 95 °C for 2 min, followed by 30 cycles of 95 °C for 35 s, 60 °C for 35 s, and 72 °C for 30 s, and a final extension step at 72 °C for 1 min.

The secondary PCR was carried out using primer pair F2/UR or F3/UR (10 pmol/μL), respectively, in a 25 μL reaction similar to the first PCR. The 1:100 diluted PCR products of the primary PCR were used as templates. The secondary PCR was performed with an initial denaturation at 95 °C for 2 min, followed by 25 cycles of 95 °C for 20 s, 55 °C for 20 s, and 72 °C for 15 s, and a final extension step at 72 °C for 1 min. The PCR products were subjected to electrophoresis on a 1.5% agarose gel.

To determine how the PCR assays worked for samples containing a mixed infection, the individual original virus and a mixture of the three PEDV strains with the proportions of 1:1:1, 10:1:1, 1:10:1, and 1:1:10 were tested, respectively ([Fig. 2](#fig0010){ref-type="fig"} ). In addition, porcine transmissible gastroenteritis virus (TGEV) (Miller strain, GenBank accession No. [DQ811786](ncbi-n:DQ811786){#intr0010}) and porcine deltacoronavirus (PDCoV) (OH-FD22 strain, GenBank accession No. KP995364) were used to test specificity.Fig. 2Specificity of reverse transcription-PCR assays. PCR products were analyzed by electrophoresis on a 1.5% agarose gel stained with EZ-VISION^®^ THREE 6× loading buffer. (a) PCR products of primary amplification with primer pair F1/UR and using cDNA as templates; (b) PCR products of secondary amplification with primer pair F2/UR using 10^−2^ diluted first round PCR products as template; (c) PCR products of secondary amplification with primer pair F3/UR and using 10^−2^ diluted first round PCR products as templates. M: 100 bp ladder DNA marker (PHENIX Research Products, NC, USA); Lane 1: PEDV strain PC177; Lane 2: PEDV strain PC22A; Lane 3: PEDV strain Iowa106; Lane 4: a mixture of PC177, PC22A and Iowa106 with 1:1:1 ratio; Line 5: a mixture of PC177, PC22A and Iowa106 with 10:1:1 ratio; Line 6: a mixture of PC177, PC22A and Iowa106 with 1:10:1 ratio; Line 7: a mixture of PC177, PC22A and Iowa106 with 1:1:10 ratio; Line 8: porcine transmissible gastroenteritis virus (TGEV); Line 9: porcine deltacoronavirus (PDCoV).Fig. 2

The sensitivity of the primary PCR assays using individual primer set (F1/UR, F2/UR or F3/UR) was evaluated using 10-fold serial dilutions (from original cell culture supernatants to 1:10^5^ in RNase-free water) of each strain ([Fig. 3](#fig0015){ref-type="fig"} ).Fig. 3Sensitivity of the primary PCR assays with the individual primer set. The sensitivity of each PCR assay was determined using 10-fold serial dilutions (from original cell culture supernatants to 1:10^5^ in RNase-free water) of each strain. PCR products were analyzed by electrophoresis on a 1.5% agarose gel stained with EZ-VISION^®^ THREE 6× loading buffer. M: 100 bp ladder DNA marker (PHENIX Research Products, NC, USA); Lines 1--6: 10^0^--10^−5^ diluted virus stocks. (a) PCR products of PC177 strain with primer pair F1/UR; (b) PCR products of PC22A strain with primer pair F2/UR; (c) PCR products of Iowa106 strain with primer pair F3/UR.Fig. 3

The primary PCR with primer pair F1/UR generated 293 bp, 884 bp and 875 bp products for PC177, PC22A and Iowa106, respectively ([Fig. 2](#fig0010){ref-type="fig"}a). All the mixtures with different proportions of the three PEDV strains generated 293 bp and 0.88 kb products (mixed fragment of 884 bp and 875 bp) ([Fig. 2](#fig0010){ref-type="fig"}a), but were negative for TGEV and PDCoV ([Fig. 2](#fig0010){ref-type="fig"}a). In the secondary PCR, strain PC22A and Iowa106 generated 650 bp (F2/UR) and 358 bp (F3/UR) products, respectively, while strain PC177, TGEV and PDCoV were negative ([Fig. 2](#fig0010){ref-type="fig"}b and c).

The primer sets F2/UR and F3/UR also detected PC22A and Iowa106 successfully in primary PCR assays, respectively. We evaluated the sensitivity of the primary PCR assays with the three primer sets for strains PC177, PC22A and Iowa106, respectively ([Fig. 3](#fig0015){ref-type="fig"}). The detection limits were 1.1 log~10~ PFU/mL for PC177 strain (original 5.1 log~10~ PFU/mL, 10^−4^ diluted) ([Fig. 3](#fig0015){ref-type="fig"}a), 3.1 log~10~ PFU/mL for PC22A strain (original 6.1 log~10~ PFU/mL, 10^−3^ diluted) ([Fig. 3](#fig0015){ref-type="fig"}b) and 0.6 log~10~ PFU/mL for Iowa106 strain (original 5.6 log~10~ PFU/mL, 10^−5^ diluted), respectively ([Fig. 3](#fig0015){ref-type="fig"}c).

To effectively detect the three major types of US PEDV strains, including the original US, S-INDEL and S-197DEL strains, specific and sensitive assays are required. To date, many techniques have been developed to detect PEDV strains, including conventional RT-PCR ([@bib0030]), real-time RT-PCR ([@bib0080]), immunofluorescence (IF) tests ([@bib0015]), immunohistochemical techniques ([@bib0020]), immunoelectron microscopy ([@bib0060]), enzyme-linked immunosorbent assays (ELISA) ([@bib0085]) and a nanoparticle-assisted PCR assay ([@bib0095]). However, all of these techniques can detect and differentiate only one or two types of PEDV strains. Therefore, a method that can simultaneously detect the three types of PEDV strains is urgently needed. In this study, we developed simple and economic RT-PCR assays for the detection and differentiation of different US PEDV strains.

For primer design, we optimized the original primer sequence to reduce non-specific amplifications as follows: "5′-TGGTGAAA[A]{.ul}CCAG[G]{.ul}GTGTCAAT-3′" of the original PC22A-specific forward primer (F2) was optimized as "5′-TGGTGAAA[T]{.ul}CCAG[A]{.ul}GTGTCAAT-3′" (nt 9 A to T and nt 14 G to A). When the primer contained the original nucleotide sequence including tri- and quad- nucleotide repeats, non-specific binding occurred and several non-specific bands were seen after agarose electrophoresis (data not shown).

The reliability of PCR assays for the detection of a virus depends on the specificity and sensitivity of primers to the target virus. In this study, the specificity of the primer pairs was evaluated using the cell culture supernatants of three types of US PEDV strains and two other porcine coronaviruses (TGEV and PDCoV). We found that our assays were specific for the PEDV strains. A previous study showed that the sensitivity of conventional RT-PCR was 10^4^ TCID~50~/mL ([@bib0045]). In this study, the detection limits of the primary PCR assays for strain PC177, PC22A and Iowa106 varied. In general, nested PCR could increase the sensitivity about 100--1000 fold ([@bib0010]). It was our observation that the sensitivity of the nested PCR assays for the detection of PC22A (primary and the secondary PCR assays with primer sets F1/UR and F2/UR, respectively) and Iowa106 (primary and the secondary PCR assays with primer sets F1/UR and F3/UR, respectively) was much higher than the primary PCR with primer set F1/UR (for both strains) or the strain-specific primer sets (F2/UR for PC22A, and F3/UR for PC177) (data not shown). A total of 12 clinical fecal and intestinal samples (9 US original and 3 S-INDEL PEDV strains) were tested by these assays and the PCR products were sequenced to verify the specificity. We found that these assays were strain-specific (data not shown).

Currently, several PEDV variants circulate in US swine farms: original US PEDV, S-INDEL PEDV, and recombinant strains, such as Minnesota211 strain ([@bib0035]). We performed sequence analysis of the representative PEDV strains from the United States, European and Asian countries. [Fig. 4](#fig0020){ref-type="fig"} shows the sequence alignment in the internal primers F2 and F3 regions. It suggests that our assays can detect and differentiate those PEDV strains. However, this should be verified by experiments with additional PEDV strains.Fig. 4Nucleotide alignment of representative PEDV strains in the F2 and F3 primer regions. (a) Sequence and location of primer F2; and (b) Sequence and location of primer F3.Fig. 4

In conclusion, we have developed RT-PCR and semi-nested PCR assays that are specific and sensitive for the detection and differentiation of the three major types of US PEDV strains. These assays are urgently needed and can be used in future molecular epidemiological surveillance of various PEDV strains.
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